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In the ovarian follicle, anti-Mu¨llerian hormone (Amh) mRNA is expressed in granulosa cells from primary to preovulatory stages but
becomes restricted to cumulus cells following antrum formation. Anti-Mu¨llerian hormone regulates follicle development by attenuating the
effects of follicle stimulating hormone on follicle growth and inhibiting primordial follicle recruitment. To examine the role of the oocyte in
regulating granulosa cell Amh expression in the mouse, isolated oocytes and granulosa cells were co-cultured and Amh mRNA levels were
analysed by real-time RT-PCR. Expression in freshly isolated granulosa cells increased with preantral follicle development but was low in the
cumulus and virtually absent in the mural granulosa cells of preovulatory follicles. When preantral granulosa cells were co-cultured with
oocytes from early preantral, late preantral or preovulatory follicles, and when oocytes from preovulatory follicles were co-cultured with
cumulus granulosa cells, Amh expression was increased at least 2-fold compared with granulosa cells cultured alone. With oocytes from
preantral but not preovulatory follicles, this was a short-range effect only observed with granulosa cells in close apposition to oocytes. We
conclude that stage-specific oocyte regulation of Amh expression may play a role in intra- and inter-follicular coordination of follicle
development.
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Ovarian folliculogenesis involves the coordinated devel-
opment of an oocyte within a somatic cell structure consist-
ing of granulosa cells, and later theca cells. Following the
recruitment of quiescent primordial follicles into the pool of
growing preantral follicles, follicle development is charac-
terised by proliferation and differentiation of granulosa
cells. At the same time, the oocyte grows and acquires
developmental competence. With appropriate endocrine
support, this process ultimately results in the development
of a preovulatory follicle comprising a fully grown, embry-
ogenically competent oocyte and granulosa cells divided
into two subpopulations—cumulus cells that closely sur-
round the oocyte and mural granulosa cells.
Amh, a member of the TGF-h family of growth and
differentiation factors, encodes anti-Mu¨llerian hormone
(AMH) also known as Mu¨llerian inhibiting substance0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2003.10.009
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E-mail address: i.m.joyce@leeds.ac.uk (I.M. Joyce).(MIS) and is expressed by granulosa cells in growing and
preovulatory follicles. By participating in two critical selec-
tion points, AMH is of key importance during follicle
development: it decreases the responsiveness of growing
follicles to FSH and inhibits the recruitment of primordial
follicles into the pool of growing follicles (Durlinger et al.,
1999, 2001, 2002a).
Despite its importance, regulation of expression of Amh
during follicle development is not well understood. How-
ever, in mouse antral follicles, higher Amh mRNA expres-
sion is seen in cumulus cells than in mural granulosa cells
(Munsterberg and Lovell-Badge, 1991). Since LH/CG re-
ceptor (Lhcgr), KIT ligand (Kitl), urokinase plasminogen
activator (Plau) and prostaglandin-endoperoxide synthase 2
(Ptgs2) are also differentially expressed in cumulus and
mural granulosa cells in preovulatory follicles and this
differential expression has been shown to be regulated by
paracrine signals from the oocyte (Canipari et al., 1995;
Eppig et al., 1997; Joyce et al., 1999, 2001), the pattern of
expression of Amh may suggest that the oocyte is involved
in the regulation of this gene during later stages of follicle
development.
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about oocyte regulation of granulosa cell gene expression.
However, there is evidence that oocyte regulation of Lhcgr,
Kitl and Ptgs2 in granulosa cells is dependent upon the stage
of oocyte development (Eppig et al., 1997; Joyce et al.,
1999, 2001), suggesting that the factors mediating oocyte–
granulosa cell interaction may change as the oocyte devel-
ops. Furthermore, a recent study has demonstrated a role for
the oocyte in determining the rate at which follicles develop,
indicating that oocyte regulation of gene expression during
these earlier stages of folliculogenesis could be of functional
significance (Eppig et al., 2002). Given that Amh is
expressed during preantral stages of follicle development,
it is therefore of considerable interest to determine if
granulosa cell expression of Amh is regulated by the oocyte
during these earlier stages. If so, this would not only
indicate that oocyte regulation of granulosa cell gene
expression is active during extended periods of follicle
development, but would also suggest that growing oocytes
regulate follicle growth by decreasing the responsiveness of
growing follicles to FSH and play a role in regulating inter-
follicular control over the recruitment of primordial follicles.
This study examined the role of the oocyte in regulating
granulosa cell Amh expression during follicle development
in the mouse. Experiments used oocytes and granulosa cells
in co-culture followed by real-time RT-PCR to quantify Amh
mRNA levels in granulosa cells. The results indicate that
Amh mRNA levels in the granulosa cells of early and late
preantral follicles and cumulus cells of preovulatory follicles
are up-regulated by the oocyte in a stage-specific fashion.Materials and methods
Isolation and culture of granulosa cells and oocytes
All cultures containing granulosa cells and oocytes were
undertaken in 384-well plates (Corning Incorporated, Corn-
ing, NY) using 15-Al Waymouth culture medium (Invitro-
gen Life Technologies, Inchinnan, UK), supplemented with
0.23 mM pyruvic acid (Sigma-Aldrich, Poole, UK), 50 mg/
l streptomycin sulphate (Sigma-Aldrich), 75 mg/l penicillin
G (Sigma-Aldrich), 3 mg/ml bovine serum albumin (Sigma-
Aldrich), 5 Ag/ml insulin, 5 Ag/ml transferrin and 5 ng/ml
selenium (Sigma-Aldrich). Cultures were maintained at
37jC in 5% CO2, 5% O2, 90% N2 for 24 h.
Preantral granulosa–oocyte complexes (GOC) from pre-
pubertal mice were collected at early and late preantral stages
of development. Shortly after birth in mice a wave of follicle
development is initiated, thereby facilitating the isolation of
follicles at specific stages of development depending on the
age of the mouse. Early preantral GOC corresponding to
Type 3b/4 follicles using the Pedersen and Peters (1968)
classification were isolated from the ovaries of 6-day-old F1
mice (FVB/N  C57BL6). Late preantral GOC
corresponding to Type 5 follicles using the Pedersen andPeters (1968) classification were isolated from the ovaries of
12-day-old F1 mice. GOC were isolated using collagenase
digestion as described previously (Eppig and O’Brien,
1996). After 24 h in culture, GOC typically retained a
spherical appearance with the oocyte centrally located within
this sphere and limited attachment of the GOC to the culture
plate. To obtain clumps of granulosa cells in the absence of
oocytes, the GOC were oocytectomised using a fine-bored
glass micropipette as described by Joyce et al. (1999). After
24 h in culture, individual granulosa cell clumps isolated in
this way had organised into a near-spherical structure with
limited attachment of the clumps to the culture plate. De-
nuded oocytes approximately 41 F 0.9 Am were collected
from early preantral follicles and denuded oocytes approxi-
mately 56 F 1.25 Am were collected from late preantral
follicles using calcium and magnesium free phosphate-buff-
ered saline as described previously (Eppig et al., 1997).
Cumulus cell–oocyte complexes (COC) from preovula-
tory follicles (Type 8) were collected by needling the ovaries
of 22-day-old mice that had been injected 44–48 h previ-
ously with 5 IU equine chorionic gonadotrophin (eCG).
Experiments in which oocytes from preovulatory follicles
were used were additionally supplemented with 10 AM
milrinone (Sigma-Aldrich) to prevent spontaneous germinal
vesicle breakdown. Milrinone is an inhibitor of the oocyte-
specific phosphodiesterase-3 (Tsafriri et al., 1996). In pre-
liminary experiments, this concentration of milrinone did
not affect Amh mRNA expression by granulosa cells. Fully
grown oocytes approximately 77 F 0.76 Am in diameter
were collected by gentle pipetting of COC and clumps of
cumulus cells were obtained using a fine-bored glass mi-
cropipette to oocytectomise the COC.
Following the culture period, granulosa cells were sep-
arated from co-cultured oocytes and were snap frozen and
stored for later analysis at 80jC.
Quantification of Amh mRNA levels using real-time RT-PCR
Steady-state granulosa cell Amh mRNA levels were
quantified relative to steady-state ribosomal protein L19
(Rpl19) mRNA levels using real-time PCR following reverse
transcription of total RNA. In preliminary studies, Rpl19
mRNA levels in granulosa cells did not differ following co-
culture with oocytes. Rpl19 mRNA levels have been widely
employed in studies using relative quantification of gran-
ulosa cell gene expression levels (Eppig et al., 1997; Joyce et
al., 1999, 2001; Otsuka and Shimasaki, 2002).
Total RNAwas extracted from the granulosa cells using a
total RNA extraction kit (RNeasy; Qiagen Ltd, Crawley,
UK) as instructed in the manufacturer’s handbook. An
additional ‘‘on column’’ DNase step was used to reduce
genomic DNA in the total RNA preparation below detectable
levels. Reverse transcription of polyA RNA was achieved
using Sensiscript reverse transcriptase (Qiagen Ltd), with the
reaction primed using 5 mM oligo dT. RNase inhibitor
(RNasin; Promega, Southampton, UK) was included in the
Fig. 1. Amh mRNA expression in granulosa cells from follicles at a range of
developmental stages. Granulosa cells from early and late preantral follicles
were isolated from the ovaries of 6- and 12-day-old mice, respectively.
Cumulus and mural granulosa cells from preovulatory follicles were
isolated from 22-day-old mice injected 44–48 h previously with 5IU eCG.
Individual replicates composed of samples from each developmental stage
were normalised so that the mean Amh mRNA levels were equal to 1. Data
are presented as the mean F SEM.
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Complementary DNA was concentrated by addition of 2
ng glycogen, 1/10 volume of 3 M sodium acetate
(C2H3O2Na) pH 5.2, and 3 volumes of 100% ethanol (EtOH)
followed by storage at 80jC for 1 h. The mixture was then
spun at 13,000 rpm for 15 min at 4jC. The supernatant was
removed and the pellet washed by the addition of 400 Al of
70% EtOH, it was then vortexed for 1 min and spun at
13,000 rpm for 15 min at 4jC. The supernatant was removed
and the pellet resuspended in 20 Al of water.
Complementary DNA quantification was performed on a
LightCycler using the LightCycler-Faststart DNA Master
SYBR Green I Kit (Roche Molecular Biochemicals, Man-
nheim, Germany). The primer sequences for Amh were:
forward, 5-GCAGTTGCTAGTCCTACATC-3 and reverse
5-TCATCCGCGTGAAACA GCG-3. The primer sequences
for Rpl19 were: forward 5-TGCCTCTAGTGT CCTCCGC-
3 and reverse 5-ATCCGAGCATTGGCAGTACC. Reac-
tions were performed in 10 Al, with the final reaction mix
containing 6.2 Al water, 0.8 Al MgCl2 (3 mM), 0.5 Al forward
primer (500 nM), 0.5 Al reverse primer (500 nM), 1
Al LightCycler mix and 1 Al of cDNA template. The PCR
protocol used an initial denaturing step at 95jC for 10 min
followed by 45 cycles of 95jC for 10 s, 57jC for 6 s; 72jC
for 15 s and 85jC for 2 s. Fluorescence was measured at the
end of each cycle during the 85jC step. The final step was
the generation of a melting curve in which the temperature
was raised from 65jC to 95jC at 0.1jC/s, with the fluo-
rescence being constantly measured, followed by a cooling
stage of 40jC for 30 s. PCR reaction efficiency for each set
of primers was measured in every run by including in the
assay a serial dilution of granulosa cell cDNA prepared
alongside cDNA from the experiment being analysed. Amh
and Rpl19 cDNA levels in this serial dilution spanned those
in the samples. Crossing points (i.e. the cycle number at
which the reaction begins the log linear phase of amplifi-
cation) from the serial dilution were used to produce a slope
that was then converted into PCR efficiency (E) using the
equation E = 10(1/slope) (Pfaffl, 2001). All readings were
taken using the ‘‘Fit Points Method’’ in which crossing
points are measured at a constant fluorescence level.
Relative quantification of steady-state Amh mRNA and
statistical analysis




where, ERPL is the efficiency of amplification of the refer-
ence gene Rpl19, EAMH is the efficiency of amplification of
the target gene Amh and CP is the crossing point. Since
crossing point and cDNA quantity are inversely related, the
ratio obtained from the second equation is equal to the ratio
of Amh cDNA/Rpl19 cDNA.Each experiment was replicated between three and six
times and analysed using one-way ANOVA. When a sig-
nificant effect among treatment groups was detected, the
individual groups were compared with a Student–New-
man–Keuls multiple-range post hoc test.Results
Amh mRNA expression through follicle development
Amh mRNA expression was examined in freshly isolated
granulosa cell populations from follicles at different stages
of development (Fig. 1). Amh mRNA levels were lower in
granulosa cells from the early preantral follicles of 6-day-
old mice than in the late-preantral follicles of 12-day-old
mice. In granulosa cells isolated from the preovulatory
follicles of 22-day-old eCG-primed mice, Amh mRNA
levels were lower than in granulosa cells from mid- or
late-stage preantral follicles. However, within preovulatory
follicles, higher Amh mRNA levels were seen in cumulus
cells than in mural granulosa cells.
Oocyte regulation of Amh in late preantral follicles
Oocyte regulation of Amh mRNA expression in gran-
ulosa cells from late preantral follicles was studied using
Fig. 3. (a) Photograph of oocytectomised late preantral granulosa–oocyte
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per microliter of medium); late preantral granulosa cells
cultured alone and late preantral granulosa cells co-cultured
with two, four or eight late preantral follicle oocytes per
microliter of medium (Fig. 2). After 24 h of culture, Amh
mRNA levels in granulosa cells cultured alone were signif-
icantly lower than levels in granulosa cells in intact com-
plexes (P < 0.05). Co-culture of eight oocytes per microliter
with the granulosa cells resulted in Amh mRNA levels
similar to those found in intact late GOC. Amh mRNA
levels were intermediate in the groups containing two and
four oocytes per microliter of medium.
Short-range signals are required for oocyte regulation of
Amh in late preantral follicles
The importance of short-range effects on oocyte regu-
lation of granulosa cell Amh mRNA expression in late
preantral follicles was examined using late preantral gran-
ulosa cells either cultured alone or co-cultured with eight
contemporaneous oocytes per microliter of medium. Fol-
lowing the 24 h culture period, granulosa cell clumps in
the co-cultures were separated into two pools, those that
had reestablished contact with oocytes and those that had
not (Fig. 3a). Amh mRNA levels were significantly higher
in granulosa cell clumps that had made contact with
oocytes than in clumps that had either not established contact
with oocytes or that had been cultured alone (P < 0.05; Fig.
3b). It is unlikely that this observation is an artefact of
there being subpopulations of granulosa cells in the cultureFig. 2. The effect of late preantral follicle oocytes on Amh mRNA
expression in late preantral granulosa–oocyte complexes (GOC). Both
oocytes and preantral GOC were collected from 12-day-old mice. Preantral
GOC were cultured intact, as granulosa cell clumps following oocytectomy
(GC) or GC plus two, four or eight denuded oocytes per microliter of
medium. Individual replicates were normalised so that the mean Amh
mRNA levels were equal to 1. Data are presented as the mean F SEM; bars
with different letters are significantly different ( P < 0.05).
complexes and contemporaneous oocytes following a 24-h co-culture.
Some granulosa cell clumps reestablished contact with the oocytes (C),
whereas other granulosa cell clumps did not (NC). Scale bar represents 25
Am. (b) The effect of oocytes isolated from late preantral follicles on Amh
mRNA expression in preantral granulosa–oocyte complexes (GOC). Both
oocytes and preantral GOC were collected from 12-day-old mice.
Preantral GOC were cultured as granulosa cell clumps following
oocytectomy (GC) or GC plus eight denuded oocytes per microliter of
medium; following 24 h in culture, granulosa cell clumps from the latter
treatment were divided into those that had not reestablished contact with
oocytes (contact) and those that had (+contact). Individual replicates
were normalised so that the mean Amh mRNA levels were equal to 1.
Data are presented as the mean F SEM; bars with different letters are
significantly different ( P < 0.05).that were differentially ‘selected’ for reconnection with
oocytes because (1) no morphological differences between
the two pools of granulosa cells were apparent using light
microscopy (see Fig. 3a); (2) both reconnected and uncon-
nected granulosa cell clumps expressed similar levels of a
range of genes normally expressed by granulosa cells
including Sf1 and Gata4 (data not shown); (3) in cultures
with larger numbers of co-cultured oocytes, proportionate-
ly more clumps of granulosa cells became reconnected
(data not shown). Instead, selection for reconnection
appears to have been a random event, dependent upon
the proximity of oocytes and granulosa cell clumps at the
start of culture.
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up-regulate Amh expression
The importance of the stage of development of the
oocyte on Amh regulation was examined by determining
the effect of oocytes from early preantral (Fig. 4) and
preovulatory follicles (Fig. 5a) on Amh mRNA levels in
granulosa cells isolated from late preantral follicles. To
compensate for differences in oocyte volume, 20 early
preantral follicle oocytes per microliter or three preovula-
tory follicle oocytes per microliter were used. At these
concentrations, the total volume of oocytes in the cultures
was approximately equivalent to eight late preantral follicle
oocytes per microliter. Oocytes from early preantral fol-
licles significantly increased Amh mRNA levels in vitro,
but only when in contact with the granulosa cells (P <
0.05). In contrast, oocytes from preovulatory follicles
significantly increased Amh mRNA levels in granulosa
cells that had made contact with oocytes and in granulosa
cells that had not made contact with oocytes (P < 0.05). To
determine whether the concentration of oocyte-derived
signalling factors was important in this effect, the number
of oocytes co-cultured with granulosa cells was reduced to
0.5 oocytes per microliter of medium (Fig. 5b). With this
number of preovulatory follicle oocytes, the effect on Amh
N.A. Salmon et al. / DevelopmFig. 4. The effect of oocytes isolated from early preantral follicles on Amh
mRNA expression in granulosa cells from late preantral follicles. Oocytes
and preantral GOC were collected from 6- and 12-day-old mice,
respectively. Preantral GOC were cultured as granulosa cell clumps
following oocytectomy (GC) or GC plus 20 denuded oocytes per microliter
of medium; following 24 h in culture, granulosa cell clumps from the latter
treatment were divided into those that had not reestablished contact with
oocytes (contact) and those that had (+contact). Individual replicates were
normalised so that the mean Amh mRNA levels were equal to 1. Data are
presented as the mean F SEM; bars with different letters are significantly
different ( P < 0.05).
Fig. 5. The effect of fully grown oocytes on Amh mRNA expression in
granulosa cells from late preantral follicles. Preantral GOC were cultured as
granulosa cell clumps following oocytectomy (GC) or GC plus oocytes.
Following 24 h in culture, granulosa cell clumps from the latter treatment
were divided into those that had not reestablished contact with oocytes
(contact) and those that had (+contact). (a) The GC plus oocytes group
contained three fully grown oocytes per microliter of medium (3/Al). (b)
The GC plus oocytes group contained 0.5 fully grown oocytes per Al of
medium (0.5/Al). Individual replicates were normalised so that the mean
Amh mRNA levels were equal to 1. Data are presented as the meanF SEM;
bars with different letters are significantly different ( P < 0.05).mRNA expression was similar to that seen with oocytes
from early and late preantral follicles, in that Amh mRNA
levels were significantly elevated in granulosa cells in
contact with oocytes, but not when there was no contact
with oocytes.
Oocyte regulation of Amh expression in cumulus cells
To determine whether oocytes from preovulatory follicles
regulate Amh mRNA expression in the cumulus cells of
preovulatory follicles, intact COC were cultured at a con-
centration of three per microliter of medium; cumulus cells
were cultured alone; and cumulus cells were co-cultured
Fig. 6. The effect of fully grown oocytes on Amh mRNA expression in
cumulus–oocyte complexes (COC). COC isolated from preovulatory
follicles were cultured intact at a concentration of three per microliter, in
clumps of cumulus cells following oocytectomy (CC), or as CC plus three
denuded oocytes per microliter of medium. Individual replicates were
normalised so that the mean Amh mRNA levels were equal to 1. Data are
presented as the mean F SEM; bars with different letters are significantly
different ( P < 0.05).
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medium (Fig. 6). In the presence of oocytes, either in intact
COC or in co-culture, Amh expression was significantly
higher than in cumulus cells cultured in the absence of
oocytes (P < 0.05).Discussion
This study tested the hypothesis that the oocyte regulates
granulosa cell Amh expression during preantral and pre-
ovulatory stages of follicle development. The results show
that oocytes from early preantral, late preantral and pre-
ovulatory follicles up-regulate Amh mRNA levels in gran-
ulosa cells, in a fashion that is dependent upon the
developmental stage of the oocyte. These findings therefore
suggest that oocyte regulation of granulosa cell gene
expression occurs during extended periods of follicle de-
velopment and that oocyte regulation of Amh expression
may play a role in intra- and inter-follicular coordination of
follicle development.
The finding that oocytes from preantral and preovulatory
follicles up-regulate granulosa cell expression of Amh is
based on the observation that oocytectomy of both granu-
losa–oocyte complexes from late preantral follicles and
cumulus–oocyte complexes from preovulatory follicles de-
creased granulosa cell Amh mRNA levels compared to
complexes cultured with an intact oocyte. At the same time,
co-culture of oocytes from late preantral and preovulatoryfollicles with their contemporaneous granulosa cells in-
creased granulosa cell Amh mRNA levels, indicating that
the effect of oocytectomy was due to the loss of signal(s)
from the oocyte rather than an artefact of the oocytectomy
procedure.
The up-regulation of Amh mRNA levels in granulosa
cells of preantral follicles by oocytes from early and late
preantral and preovulatory follicles demonstrated here indi-
cate that oocyte regulation of granulosa cells occurs during
these developmental stages. In Gdf9null mice, oocyte-de-
rived signals are essential for the further growth of primary
follicles (Dong et al., 1996). Oocytes have also been shown
to regulate granulosa cell expression of the oocyte growth-
promoting gene Kitl in early antral follicles, as well as
Ptgs2, a gene required for appropriate cumulus expansion in
ovulatory follicles (Joyce et al., 1999, 2001). Taken togeth-
er, there is now evidence therefore for oocyte regulation of
granulosa cells from primary through to ovulatory follicle
stages, establishing the oocyte as a key regulator of follicle
development.
Oocyte regulation of Amh during preantral follicle de-
velopment is of functional interest for two reasons. Firstly,
AMH attenuates FSH-stimulated growth of preantral and
early antral follicles. Oocyte regulation of the expression of
Amh could therefore act as a control point for regulating the
development of growing follicles, thereby providing an
explanation to the problem of understanding how oocytes
determine the rate at which follicles develop (Eppig et al.,
2002). Given that AMH attenuates FSH-stimulated follicle
growth, it seems likely that further studies will identify
oocyte-regulated granulosa cell expressed genes that in-
crease the rate of follicle development. Secondly, AMH
inhibits primordial follicle recruitment. It has been proposed
that this occurs in an inter-follicular fashion, whereby AMH
production from growing follicles signals to primordial
follicles to inhibit recruitment (Durlinger et al., 2002b).
Therefore, oocyte up-regulation of the production of AMH
by growing follicles would be expected to lead to a reduced
number of primordial follicles recruited into the growing
pool. This being the case, it is possible that a negative
feedback mechanism is established, with the rate of recruit-
ment from the pool of primordial follicles effectively
determined by the number of oocytes in the pool of growing
follicles.
By the preovulatory follicle stage, oocyte control over
granulosa cell Amh mRNA levels appears to decline since
there is a considerable reduction in Amh levels in com-
parison with those found in preantral follicles. The reasons
for this are not known but may, for example, be related to
changes in sensitivity to endocrine stimulation. Prelimi-
nary studies examining the effect of recombinant FSH on
Amh mRNA expression in granulosa cells in culture have
been inconclusive (data not shown). However, the obser-
vation that Amh mRNA levels were higher in cumulus
cells than in mural granulosa cells, coupled with the data
showing oocytes from preovulatory follicles up-regulate
N.A. Salmon et al. / Developmental Biology 266 (2004) 201–208 207granulosa cell Amh mRNA expression in vitro, indicates
that the oocyte continues to exert an up-regulatory stim-
ulus on Amh mRNA expression during preovulatory
follicle development.
Oocytes at all stages examined up-regulated granulosa
cell Amh expression. However, evidence of stage speci-
ficity was provided by the observation that oocyte regu-
lation of granulosa cell Amh expression was dependent on
short-range effects for oocytes isolated from preantral
follicles, but with oocytes from preovulatory follicles, this
dependence was only observed at low numbers of oocytes.
Whether this short-range effect is in fact contact-depen-
dent or results from low-level production of a highly
labile secreted factor is unclear. However, because contact
was not necessary for the Amh regulatory effect of oocytes
from preovulatory follicles, at this later stage of develop-
ment a secreted factor is involved. Such stage-specific
differences may be functionally significant. In preantral
follicles, the dependence on short-range effects would
ensure that the direct sphere of influence of oocyte-
derived signals is limited to granulosa cells at a stage
when the number of granulosa cells is low. In preovula-
tory follicles, on the other hand, the existence of a strong,
secreted signal from the oocyte may be important in
enabling the oocyte to promote appropriate patterns of
granulosa cell gene expression within a follicular structure
composed of many more cells as well as a large fluid-
filled antrum.
Developmental changes in the way oocytes regulate
granulosa cells have also been found in other studies. For
example, growing oocytes from late preantral follicles up-
regulate granulosa cell expression of Kitl, whereas fully
grown oocytes down-regulate expression of this gene
(Joyce et al., 1999). Furthermore, fully grown but not
growing oocytes from late preantral follicles promote cu-
mulus cell expression of Ptgs2, whereas growing oocytes
from late preantral follicles have only partial ability to
down-regulate mural granulosa cell expression of Lhcgr
mRNA in comparison with fully grown oocytes (Eppig et
al., 1997; Joyce et al., 2001). These results, coupled with
those from the current study, suggest that there may be a
high level of complexity in the developmental dynamics of
oocyte regulation of granulosa cells. Indeed, an array of
oocyte-derived factors, including GDF-9, BMP-15, OOSP-
1, FGF-8 and BMP-6 (Dong et al., 1996; Elvin et al., 1999;
Otsuka et al., 2001; Valve et al., 1997; Yan et al., 2001a,b)
have been identified that may underlie such complexity.
The identity of the specific factor(s) involved in oocyte
regulation of granulosa cell Amh expression are currently
being investigated.
This study used prepubertal mice to facilitate the isola-
tion of follicles at defined stages of development. Follicles
from prepubertal mice are fully functional when such
animals are stimulated with exogenous gonadotrophin hor-
mones during the latter, preovulatory, stages of follicle
development. Given that expression of Amh by granulosacells is dependent on the stage of follicle development and
not on the age of the mouse (Munsterberg and Lovell-
Badge, 1991), it seems likely that oocyte regulation of Amh
expression in granulosa cells occurs in a similar fashion in
both prepubertal and adult animals.
The studies reported here provide experimental evidence
that oocytes from early preantral, late preantral and preovu-
latory follicles are involved in the regulation of expression
of Amh mRNA in granulosa cells, in a fashion that is
dependent upon the developmental stage of the oocyte.
These findings indicate that the oocyte regulates granulosa
cell gene expression during extended periods of follicle
development. Furthermore, the results suggest that the
oocyte plays a role in intra-follicular regulation of the rate
of follicle growth as well as in inter-follicular inhibition of
primordial follicle recruitment.Acknowledgments
This research was supported by the BBSRC through a
studentship (NAS, AHH) and a project grant (IMJ). The
authors would like to thank Drs. John Eppig and Richard
Rodway for reviewing the manuscript and for their helpful
comments, and Prof. David Beech and Dr. Samuel Fountain
for help with establishing the real-time RT-PCR.References
Canipari, R., Epifano, O., Siracusa, G., Salustri, A., 1995. Mouse oocytes
inhibit plasminogen activator production by ovarian cumulus and gran-
ulosa cells. Dev. Biol. 167, 371–378.
Dong, J., Albertini, D.F., Nishimori, K., Kumar, T.R., Lu, N., Matzuk,
M.M., 1996. Growth differentiation factor-9 is required during early
ovarian folliculogenesis. Nature 383, 531–535.
Durlinger, A.L., Kramer, P., Karels, B., de Jong, F.H., Uilenbroek, J.T.,
Grootegoed, J.A., Themmen, A.P., 1999. Control of primordial follicle
recruitment by anti-Mullerian hormone in the mouse ovary. Endocrino-
logy 140, 5789–5796.
Durlinger, A.L., Gruijters, M.J., Kramer, P., Karels, B., Kumar, T.R., Mat-
zuk, M.M., Rose, U.M., de Jong, F.H., Uilenbroek, J.T., Grootegoed,
J.A., Themmen, A.P., 2001. Anti-mullerian hormone attenuates the ef-
fects of fsh on follicle development in the mouse ovary. Endocrinology
142, 4891–4899.
Durlinger, A.L., Gruijters, M.J., Kramer, P., Karels, B., Ingraham, H.A.,
Nachtigal, M.W., Uilenbroek, J.T., Grootegoed, J.A., Themmen, A.P.,
2002a. Anti-Mullerian hormone inhibits initiation of primordial follicle
growth in the mouse ovary. Endocrinology 143, 1076–1084.
Durlinger, A.L., Visser, J.A., Themmen, A.P., 2002b. Regulation of ovar-
ian function: the role of anti-Mullerian hormone. Reproduction 124,
601–609.
Elvin, J.A., Yan, C., Wang, P., Nishimori, K., Matzuk, M.M., 1999. Mo-
lecular characterization of the follicle defects in the growth differentia-
tion factor 9-deficient ovary. Mol. Endocrinol. 13, 1018–1034.
Eppig, J.J., O’Brien, M.J., 1996. Development in vitro of mouse oocytes
from primordial follicles. Biol. Reprod. 54, 197–207.
Eppig, J.J., Wigglesworth, K., Pendola, F., Hirao, Y., 1997. Murine oocytes
suppress expression of luteinizing hormone receptor messenger ribonu-
cleic acid by granulosa cells. Biol. Reprod. 56, 976–984.
Eppig, J.J., Wigglesworth, K., Pendola, F.L., 2002. The mammalian oocyte
N.A. Salmon et al. / Developmental Biology 266 (2004) 201–208208orchestrates the rate of ovarian follicular development. Proc. Natl.
Acad. Sci. U. S. A. 99, 2890–2894.
Joyce, I.M., Pendola, F.L., Wigglesworth, K., Eppig, J.J., 1999. Oocyte
regulation of kit ligand expression in mouse ovarian follicles. Dev. Biol.
214, 342–353.
Joyce, I.M., Pendola, F.L., O’Brien, M., Eppig, J.J., 2001. Regulation of
prostaglandin-endoperoxide synthase 2 messenger ribonucleic acid ex-
pression in mouse granulosa cells during ovulation. Endocrinology 142,
3187–3197.
Munsterberg, A., Lovell-Badge, R., 1991. Expression of the mouse anti-
mullerian hormone gene suggests a role in both male and female sexual
differentiation. Development 113, 613–624.
Otsuka, F., Shimasaki, S., 2002. A negative feedback system between oo-
cyte bone morphogenetic protein 15 and granulosa cell kit ligand: its role
in regulating granulosa cell mitosis. Proc. Natl. Acad. Sci. U. S. A. 99,
8060–8065.
Otsuka, F., Moore, R.K., Shimasaki, S., 2001. Biological function and
cellular mechanism of bone morphogenetic protein-6 in the ovary.
J. Biol. Chem. 276, 32889–32895.Pedersen, T., Peters, H., 1968. Proposal for a classification of oocytes and
follicles in the mouse ovary. J. Reprod. Fertil. 17, 555–557.
Pfaffl, M.W., 2001. A new mathematical model for relative quantification
in real-time RT-PCR. Nucleic Acids Res. 29, E45.
Tsafriri, A., Chun, S.Y., Zhang, R., Hsueh, A.J., Conti, M., 1996. Oocyte
maturation involves compartmentalization and opposing changes of
cAMP levels in follicular somatic and germ cells: studies using selective
phosphodiesterase inhibitors. Dev. Biol. 178, 393–402.
Valve, E., Penttila, T.L., Paranko, J., Harkonen, P., 1997. FGF-8 is ex-
pressed during specific phases of rodent oocyte and spermatogonium
development. Biochem. Biophys. Res. Commun. 232, 173–177.
Yan, C., Pendola, F.L., Jacob, R., Lau, A.L., Eppig, J.J., Matzuk, M.M.,
2001a. Oosp1 encodes a novel mouse oocyte-secreted protein. Genesis
31, 105–110.
Yan, C., Wang, P., DeMayo, J., DeMayo, F.J., Elvin, J.A., Carino, C.,
Prasad, S.V., Skinner, S.S., Dunbar, B.S., Dube, J.L., Celeste, A.J.,
Matzuk, M.M., 2001b. Synergistic roles of bone morphogenetic protein
15 and growth differentiation factor 9 in ovarian function. Mol. Endo-
crinol. 15, 854–866.
